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1. Introduction
Metallic foams, which contain well-con-
trolled pores, are widely used for numerous
structural and energy applications due to
their high specific mechanical strengths
and stiffnesses, controllable pore morphol-
ogies, high specific surface areas, decent
impact energy absorptions, and their light
weight.[1–7] The special features of foams
are more diverse and distinct for foams
in which the contained cells are open,
and the pores are 3D interconnected, as
opposed to the foams in which the cells
are closed. Such open-cell metallic foams
support high surface areas that promote
excellent gas and liquid permeability.
Thus, they are extensively used in advanced
functional applications such as batteries,
supercapacitors, and fuel cells, as well as
structural applications.[3,8]
Among the numerous open-cell metallic
foams, Cu or Cu-based alloy foams have excellent thermal and
electrical conductivity and are of great interest for energy and
electronic applications. Moreover, their high specific surface
areas and regularly distributed open pores allow for more effi-
cient electrochemical reactions, resulting in prolonged and
improved device performance.[9–14] Several studies have reported
on various aspects of the processing and properties of Cu foams
that were synthesized using various methods, such as lotus-type
foaming[15], dealloying[16], electrodeposition[17], space-holder
technique[18], and freeze casting followed by sintering[19–21].
Among these methods, freeze casting is attracting considerable
attention because of its low processing cost and high potential for
scalability. Ramos and Dunand demonstrated the production of
Cu foams with elongated pores using freeze casting.[19] Ran et al.
reported that thermal decomposition from CuO to Cu could
serve as an alternative method to generate Cu foams with equi-
axed pores by exploiting the nondirectional solidification of slur-
ries.[20] Park et al. published a systematic study that established
the morphological influences of important processing parame-
ters and how the pore orientation (either parallel or normal to
the load axis) impacted compressive properties of freeze-cast
Cu foams.[21]
In this article, salient deformation mechanisms are studied
using acoustic emission (AE) in a freeze-cast Cu foam during
compression parallel and perpendicular to the freezing direction.
The AE method is useful for investigating damage processes in
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Herein, the compressive behavior of Cu foams with lamellar structures processed
by the freeze-casting method is interrogated in directions parallel and perpen-
dicular to the direction of freezing. Deformation is monitored using simultaneous
acoustic emission (AE) measurements and video recordings of changes at the
sample surface. Significant differences are observed between the stressstrain
curves acquired during compression in the two directions. For parallel loading,
relatively high peak stress is detected at a strain of about 3%, followed by a
plateau, and, at high enough loadings, the Cu foam hardens. The AE results
suggest that the decrease in stress from the peak value to the plateau value arises
from fractures in the thick lamellae lying nearly parallel to the freezing direction.
For perpendicular loading, the energy of the AE events is lower because, in this
case, the thinner struts that connect the thick lamellae bend and break more
easily. For this case of perpendicular loading, the peak stress is missing from the
stress–strain curve. Further deformation yields a gradual increase in the energy of
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various materials because AE signals are generated within the
material due to sudden localized and irreversible changes in
the microstructure. Moreover, AE provides information on the
entire volume of the material with a time resolution of about
a microsecond. Thus, information on plastic deformation, frac-
ture, and the localization of the deformation (i.e., the formation
of deformation bands) can be obtained for metallic foams.[22–26]
In previous studies, foams with lamellar structures were investi-
gated with respect to their compressive properties and yield
strengths, measured both parallel and perpendicular to the
lamellae. These properties were estimated using formulas
derived from different models, such as the GibsonAshby
model, without directly studying the underlying deformation
mechanisms.[21,27–29] In this study, AE is used to investigate
the compressive behavior of freeze-cast Cu foams both parallel
and perpendicular to the freezing direction, to identify the main
failure mechanisms for the two different loading modes.
2. Results and Discussion
2.1. Microstructural Characterization
The X-ray diffraction pattern in Figure 1 reveals that the foam
struts are single-phase Cu materials without significant oxide
content. The X-ray diffraction measurement was acquired on
the sample surface that was parallel to the freeze-casting
direction.
Figure 2 shows a typical microstructure of freeze-cast Cu
foams synthesized in this study. The microstructure of the
freeze-cast Cu foam is composed of lamellar Cu walls with elon-
gated pores. These aligned lamella-shaped colonies of Cu walls
are parallel to the freezing direction in accordance with the tem-
perature gradient (Figure 2b). Analyses of optical micrographs
reveal that the thickness of the elongated lamellar Cu walls is
17 6 μm, whereas the width of the aligned macropores is
34 9 μm. The elongated walls are often connected by thinner
bridges (struts), as shown in Figure 2b. The average relative den-
sity of the six freeze-cast Cu foam samples was 0.36 0.02,
which corresponds to a porosity of 64 2%, as estimated from
the masses and dimensions of the samples and considering the
bulk Cu density to be 8.96 g cm3.[30]
The grain size in the foam walls was determined by
scanning electron microscopeelectron backscatter diffraction
(SEMEBSD). The foam surface was etched by Ga ion milling
to produce a surface of sufficiently good quality for EBSD analy-
ses. The details of this surface treatment are provided in the
Experimental Section. Figure 3a shows a SEM micrograph
obtained on the ion-milled surface, whereas the corresponding
EBSD orientation map is shown in Figure 3b. The walls of
the Cu foam are polycrystalline with an area-weighted mean
grain size of about 2.8 1.2 μm evaluated from about 800 grains.
The samples are texture-free based on both the X-ray diffraction
pattern and the EBSD analysis.
2.2. Deformation of Cu Foams
Figure 4a and 4b show typical deformation curves, correspond-
ing AE responses, and count rate up to a strain of 45–50% for
compression parallel and perpendicular to the freezing direction
of the Cu foammaterial. Foams subjected to parallel loading, that
is, when the directions of loading and freezing are parallel,
exhibit an initial quasilinear stage and then a transient regime
directly before the peak stress. A drop in stress follows the peak
stress and, after a short plateau, strain hardening occurs at ε
>15%. Small local drops in stress are apparent in this region
(ε> 15%). For foams under perpendicular loading, that is, when
the direction of loading is perpendicular to the freezing direction,
the stress increases monotonically with increasing strain without
Figure 1. X-ray diffraction pattern obtained from a Cu foam processed by
freeze casting.
Figure 2. Optical microscopic images of Cu foams showing the surfaces lying a) perpendicular and b) parallel to the direction of freezing. In (b), the
freezing direction is vertical.
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any visible local drops in stress; however, regions with constant
stress can be observed. The stress–strain curve slope increases
significantly at strains greater than 40%, which signifies the ini-
tiation of densification. This compressive behavior is similar to
those of other freeze-cast Cu foams studied by Park et al. and
Gubicza et al.[21,28] Nonetheless, the behaviors of foams studied
here are different from foams investigated by Liu et al., in which
the parallel and perpendicular compressive behaviors were
highly similar (i.e., the stress increased monotonically without
exhibiting peak stress in parallel loading), despite such foams
having similar cell structures to those studied here.[31]
The AE responses of the examined Cu foams under loading in
parallel and perpendicular directions exhibit distinct AE events,
similar to pure Al and eutectic Al–Si foams with pore sizes of
400–500 μm.[22,32] For both cases, low-amplitude signals were
observed in the quasilinear stage, whereas high amplitudes
(>1mV) were observed after the first stage. The data in
Figure 4 show that for both loading directions, the abrupt drops
in stress and regions of local constant stress regions were preceded
by a large AE signal (>1mV). These results indicate that the high-
amplitude signals arose from the fracturing of lamellae and struts.
High values for count rates (>200 s1) typically coincide with the
high-amplitude AE signals. The count rate is also relatively high at
a strain of about 2% deformation over the quasilinear region,
where the amplitude of the AE signals is 0.07mV. Under parallel
loading, a high peak in the count rate coincides with the end of the
quasilinear stage. By comparison, the initial stage ends at a strain
of3% under perpendicular loading (see Figure 4), whereas a high
peak in the count rate occurs at a strain of2%. Another difference
between the results obtained under parallel and perpendicular
loading conditions is that the amplitude of the AE signals in the
strain range of 3%< ε <25% is larger under parallel loading,
which causes high AE count rate peaks. As the strain increases, the
height of the peaks in the count rate increases as the foam is com-
pressed perpendicularly to the freezing direction but decreases for
parallel loading.
The energy and amplitude data of the individual AE events
were analyzed to uncover further differences in the failure mech-
anisms under loading in either of the two directions. For this
purpose, the raw AE data were processed by setting a threshold
level of 0.04mV. Figure 5 shows the cumulative energy and
amplitude of individual AE events and the corresponding
Figure 3. a) SEM image depicting the area that was treated by ion milling. The arrows indicate the direction of the milling Ga ion beam. b) EBSD
orientation map acquired from the ion-milled area. The direction of freezing was horizontal.
Figure 4. The engineering stress–strain curve (black line), the AE response (gray line), and the count rate curve (red line) for compression testing
conducted in a) parallel and b) perpendicular to the freezing direction.
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deformation curves. The cumulative energy function exhibits
abrupt jumps except for the quasilinear stage under both parallel
and perpendicular loadings. These jumps coincide with large AE
amplitude signals in Figure 4, establishing the presence of high-
energy AE events. The frequency and magnitude of jumps are
smaller for perpendicular loading up to a strain of about 35%.
The count rate, maximum amplitude values, and cumulative
energy as a function of strain behave similarly up to the strain
of 2%, regardless of the loading direction. This suggests that the
main plastic deformation mechanisms are the same in each
direction, namely, dislocation slips and bending of the struts
and lamellae.
In addition to monitoring the AE signals, the deformation of
the foam samples was recorded by video. Files containing speed-
up videos of foams subjected to parallel and perpendicular load-
ing can be found in the supplementary materials as
Cu_parallel_4x.flv and Cu_normal_4x.flv, respectively. Figure 6
shows snapshots from these videos at various imposed strains.
No strain localization is observed on the surface of the samples in
the quasilinear regime; however, strain localization is apparent
(arrows in Figure 6) at the end of this initial stage (i.e., at the
beginning of the transient regime) at the strains of near 2%
and 3% for parallel and perpendicular loadings, respectively.
For parallel loading, signs of fracture are observed on the surface
at around peak stress, indicating that the drop in stress arises
from the fracturing of lamellae. Simultaneously, high-amplitude
AE signals are measured on all three foam samples, establishing
that the origin of these AE signals is the fracture of lamellae.[32]
For perpendicular loading, visible fractures appear at strains
of around 5% and are accompanied by high-amplitude
AE signals.
These video recordings reveal the formation of shear bands in
foams subjected to parallel and perpendicular loadings after the
quasilinear and transient stages. After the appearance of the first
shear band for foams loaded perpendicularly, the formation of a
second and even a third shear band was observed. Such bands
were almost horizontal and localized to a small volume. For par-
allel loading, after the formation of the first shear band, the
lamellae and struts in the regions adjacent to this shear band
broke, yielding high-energy AE signals.
The average grain size in the lamellae and struts of the foams
studied here was about 3 μm. According to investigations by
Figure 5. The engineering stress–strain curve (black line), cumulative energy (blue line), and maximum amplitudes of the AE events (scatter) for com-
pression tests conducted a) parallel and b) perpendicular to the freezing direction.
Figure 6. Deformation of the foam samples during compression at various strains either parallel (top) or normal (bottom) to the direction of freezing.
Black arrows indicate the first signs of deformation on the surface of the specimens.
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Vinogradov, pure polycrystalline (bulk) metals with fine grains
produce no measurable AE signals during plastic deformation
under quasistatic load.[33] This suggests that only sudden local-
ized changes in the structure, for example, collective bending,
buckling, and fracture of lamellae/struts, can be measured for
the Cu foam materials investigated here. AE measurements
on pure Al foams with pore sizes less than 500 μm also corrobo-
rate that the dislocation slip does not produce measurable AE
signals.[22,31] This indicates that the origins of the abrupt jumps
in the cumulative energy curve in perpendicular loading
(Figure 5b) are from the collective fracture of lamellae. The prog-
ress of such mechanical failure can be established because the
fracture of thicker lamellae results in higher-energy AE
signals.[32]
For example, the simplified lamellae structure shown in
Figure 7 can be considered as a schematic of the foam micro-
structure, which can be used for understanding the major failure
mechanisms. Perpendicular loading of such a lamellar structure,
in accordance with Figure 6 and 7b, produces shear bands almost
parallel to the freezing direction, suggesting that the foam struc-
ture fails by the fracture of the thin struts that connect the thicker
lamellae oriented parallel to the direction of freezing. At small
strains, the collective bending and the rotation of these thin
struts most likely occur during the quasilinear stage, similar
to the case of a honeycomb structure, in which the elastic defor-
mation can be described as cell wall bending and rotation.[29]
Such deformation mechanisms result in low-energy signals in
the quasilinear stage. Indeed, for foams subjected to perpendic-
ular loading, AE signals with relatively lower energy and higher
amplitude were measured in the second stage (ε< 0.3)
(Figure 5), indicating the fracture of the thinner lamellae (which
is preceded by collective bending of struts), which ultimately
promotes the formation of nearly horizontal shear bands (see
Figure 6). The energies of the AE signals increase at larger strains
(ε> 0.4), suggesting that fracture of the thicker lamellae occurs
during densification. For parallel loading, the foam structure fails
by the fracture of thicker and nearly vertical lamellae. The
fracture of these thicker lamellae manifests in high-energy
AE signals and causes abrupt jumps in the cumulative energy
function, even in the plateau region.
3. Conclusion
This study investigated the compression behavior of an aniso-
tropic Cu foam manufactured by the freeze-casting method.
The failure mechanisms were revealed using AE techniques
and cinematography for foams subjected to compression both
parallel and normal to the direction of freezing up to an engineer-
ing strain of about 0.5. Due to the small grain size of the lamellae,
the main (measurable) AE source was the collective fracture of
the thick lamellae and thin struts after the quasilinear and tran-
sient stages. The energies and amplitudes of these AE events
were lower for loading in the perpendicular direction over the
region bounded by strains of 3%< ε< 25%. This indicates that
the primary source of AE signals is the fracture of the thinner
struts until densification begins. In contrast, AE measurements
and the video recordings confirm that the main source of AE sig-
nals was the fracture of the thicker lamellae for foams subjected
to parallel loading. Changes in energy and count rate for perpen-
dicularly loaded foams at strains of about 0.350.4 indicate that
the failure of the thicker lamellae began during densification.
4. Experimental Section
Preparation of Cu Foams: Cu foams were produced using a
freeze-casting process that involved the following steps. First, 12.5 vol %
cupric oxide powder (CuO, 40 nm, U.S. Research nanomaterials Inc.,
USA) and 2.5 wt% polyvinyl alcohol (PVA, Mw 89 00098 000, 99þ%
hydrolyzed, Sigma-Aldrich Co., USA), which served as a binder, were
mixed and dispersed in 30mL deionized water to produce a slurry. The
slurry was dispersed using a magnetic stirrer (for 10min) and a water-bath
ultrasonicator (for 1 h); here, the dispersion process was repeated twice to
further prevent the agglomeration of the particles. Next, the slurry was
poured into a cylindrical Teflon mold (87mm, outer diameter, and
55mm, inner diameter) on the top surface of a copper rod, where the
temperature of the top of the copper rod was maintained at –10 C using
liquid nitrogen and a heater. After the slurry was completely frozen for 1 h,
the solidified slurry was then freeze dried for 48 h in a freeze dryer
(Operon, FDU-7003, Republic of Korea) at 88 C with 5 103 torr.
Finally, the green body was heat treated in a tube furnace under
Ar5% H2 gas mixture in two steps. First, the material was maintained
at 250 C for 4 h in the furnace to remove the binder and reduce cupric
oxide. Then, the material was sintered at 800 C for 6 h. After reduction
Figure 7. Schematic diagrams and corresponding images of Cu foams compressed a) parallel and b) perpendicular to the direction of freezing. The white
lines outline the shear bands formed during compression. In the schematic, thinner lines represent the thin struts, whereas thicker lines show the thick
lamellae parallel to the direction of freezing.
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and sintering, the volume and weight of the Cu foam sample decreased by
85% and24%, respectively, due to the binder removal, chemical reduc-
tion (i.e., oxygen removal), and sintering (i.e., densification of the metallic
powder) processes.
Characterization of Cu Foam: The phase composition of the
as-synthesized Cu foam was investigated using a Smart lab X-ray
diffractometer (manufacturer: Rigaku, Japan) with a BraggBrentano
diffraction geometry and Cu Kα radiation (wavelength,
λ¼ 0.15418 nm).The microstructures of the foam samples were studied
using an optical microscope (PME 3, Olympus, Japan). Moreover, the
grain size in the foam walls was established using electron backscatter
diffraction (EBSD) with an FEI Quanta 3D scanning electron microscope
(SEM). For EBSD measurements, the foam surface was milled by a
focused ion beam (FIB) using Ga ions in the SEM.
Uniaxial compression tests were conducted on Cu foam square prisms
(8mm in length and 4 4mm2 in cross section) by an MTS810 (MTS
Systems Corporation, Eden Prairie, MN, USA) with a constant cross-head
velocity corresponding to an initial strain rate of 0.001 s1 under ambient
temperature. Displacement was measured by an extensometer. In each
case, the longitudinal axis of the sample was parallel to the direction
of the compressive loading. The foams exhibited anisotropy due to the
unidirectional freeze-casting process. Thus, three samples were examined
under parallel loading and three under normal loading, where the direc-
tions were with respect to the direction of freeze casting. The sample den-
sity was calculated using measurements of the sample mass and the sides
of the square prisms to enable an estimate of volume. The relative density
was taken as the density divided by the theoretical density of Cu (8.96 g
cm3).[30] The average relative densities of the 33 samples tested in nor-
mal and parallel directions were 0.34 0.01 and 0.370 0.001, respec-
tively. The AE response and deformation of the sample surface were
also monitored during compression. The AE signals were recorded in
streaming mode without a threshold with a 1MHz sample rating using
a Vallen AMSY-6 system (Vallen Systeme GmbH, Icking, Germany) with
a PAC Micro30S broadband sensor (Physical Acoustics, Prinston Junction,
USA) and a wave guide. The signals were amplified with an AEP5
preamplifier (Vallen Systeme GmbH, Icking, Germany) that provided a
gain of 40 dB. The count rate was established by postprocessing the
AE data and applying a threshold level of 0.04mV.
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